In skin aging, from intrinsic factors or exposure to ultraviolet (UV) radiation, there is loss of structural fibrillar collagen and regulatory heat shock proteins. Phenolic compounds, with hydroxyl groups attached to an aromatic ring, have antioxidative and anti-inflammatory properties. Nicotinamide is an amide derivative of niacin or vitamin B3, with an amide linked to an aromatic ring, with UV absorptive, antioxidant, anti-inflammatory and anti-cell death/apoptosis properties. The goal of this research was to investigate the anti-skin aging mechanism of nicotinamide and its derivatives, 2,6-dihydroxynicotinamide, 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxypicolinamide (collectively niacin derivatives), through the stimulation of fibrillar collagens (type I, III and V, at protein and/or promoter levels) and the expression of heat shock proteins (HSP)-27, 47, 70, and 90 in non-irradiated or UVA radiated dermal fibroblasts; and from its direct antioxidant activity. UVA radiation inhibited the expression of types I and III collagen, and HSP-47 in dermal fibroblasts. The niacin derivatives significantly and similarly stimulated the expression of types I (transcriptionally), III and V collagens in non-irradiated, and UVA radiated fibroblasts indicating predominant effects. The 2,6-dihydroxynicotinamide had greater stimulatory effect on types I and III collagen in the non-irradiated, and UVA
Introduction
The structural integrity of the extracellular matrix (ECM) is essential to skin health [1] [2] [3] [4] [5] [6] [7] [8] .
The fibrillar collagen (types I, III, and V) is the predominant structural protein of the ECM. The dermal fibroblasts are the primary synthesizers of fibrillar collagen [1] [2] [3] [4] 8] . The structural integrity of the fibrillar collagen is compromised with aging, from intrinsic factors and exposure to solar ultraviolet (UV)A radiation (penetrating the dermis) and UVB radiation (penetrating the epidermis) [1] [2] [3] [4] [5] [6] [7] [8] [9] . These skin aging factors cause oxidative stress and inflammation, and overwhelm the intrinsic cellular capacity to counteract the increased formation of reactive oxygen species (ROS) and inflammatory mediators. The oxidative stress and inflammation alter the cellular signal transduction pathways, including the mitogen activated protein kinase (MAPK) and nuclear factor-kB (NF-kB) pathways, and thereby the expression of the ECM genes as well as the structure of the ECM proteins [1] [2] [3] [4] [5] [6] [7] [8] . The compromise to the fibrillar collagen, from its reduced expression and increased degradation, manifests as wrinkles, loose and aged skin [1] [2] [3] [4] [5] [6] [7] [8] .
The chaperone proteins that facilitate the formation of the ECM and the prevention of molecular oxidative damage are the heat shock proteins (HSP). The HSPs facilitate proper protein folding and prevent their degradation. HSP-27 increases cellular antioxidant score by increasing cellular reduced glutathione, and reducing oxidized proteins [10] . HSP-70, which is reduced with cellular aging, provides anti-inflammatory and skin protective properties [11, 12] . HSP-47, a collagen specific chaperone protein, is co-stimulated with fibrillar collagen by ECM strengthening agents, such as copper, in dermal fibroblasts [8] . HSP-90 facilitates the migration of dermal fibroblasts, and the maturation of the ECM, imperative to wound healing [13] .
Polyphenols with their anti-oxidative and anti-inflammatory properties have been identified to beneficially regulate the ECM, and thereby prevent skin aging [1] [2] [3] [4] [5] [6] [7] . The structure of the phenolic components includes at least one aromatic ring with one or more hydroxyl groups [5] . The activity of the phenolic compounds is dependent on the number and location of these hydroxyl groups [5, [14] [15] [16] . Nicotinamide is an amide derivative of niacin or vitamin B3, with an amide linked to an aromatic ring. It has UV absorptive, antioxidant and anti-inflammatory properties, and in addition promotes cellular metabolism and survival [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Nicotinamide inhibits MAPK, NF-kB, and the inflammatory mediators (interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α, and prostaglandins), and prevents solar-simulated UV induced immunosuppression, and thereby carcinogenesis, in vivo [17] [18] [19] . Nicotinamide facilitates "cellular longevity" by stimulating protein kinase B (PKB) pathway that inhibits mediators of apoptosis, prevents UV radiation induced inhibition of ATP and glycolysis in keratinocytes, and arsenic/UV radiation induced oxidative DNA damage in the form of 8-oxo-7,8-dihydro-2'-deoxyguanosine and pyrimidine dimers [20] [21] [22] . Nicotinamide reduces hyperpigmentation, fine lines and wrinkles, and improves retinoic acid biosynthesis and epidermal barrier function, independently or in combination with 0.02% tretinoin [23] [24] [25] [26] [27] . The mechanism of anti-skin aging effect of nicotinamide through the stimulation of expression of fibrillar collagen, and promotion of cellular survival/health through the stimulation of HSPs in dermal fibroblasts has not been reported.
The goal of this research was to determine the beneficial regulation of the fibrillar collagen (types I, III, V) and HSPs (27, 47, 70, 90) by nicotinamide, and three of its derivatives, 2,6-dihydroxynicotinamide, 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxypicolinamide (collectively niacin derivatives) in non-irradiated or UVA-radiated dermal fibroblasts; as well as the direct antioxidant activity of the nicotinamide derivatives. We have reported that nicotinamide exhibits direct antioxidant activity in millimolar concentrations, up to 50% of control [6] . The hypothesis of this research was that these niacin derivatives would stimulate fibrillar collagen and HSPs, and exhibit direct antioxidant property, with the hydroxyl derivatives providing greater effectiveness. The niacin derivatives significantly stimulated the expression of type I collagen at 0.1% and 1% (except 3-hydroxypicolinamide at 0.1%), type I collagen promoter activity at 0.01%, 0.1% and 1%, and types III and V collagen at 1% in non-irradiated fibroblasts, in comparison with control (p < 0.05) (Figure 1 ). In addition, 2,6-dihydroxynicotinamide significantly stimulated expression of type III collagen at 0.1% and type V collagen at 0.01%, and 0.1% (p < 0.05) (Figure 1c,d ). The niacin derivatives had similar activities, except for the significantly greater stimulation of types I and III collagen by 2,6-dihydroxynicotinamide.
Results

Stimulation of
Relative to the expression of type I collagen protein (0.7 μg/mL as 100%) in non-irradiated control cells (0% niacin derivative), 0.1% and 1% of each of the niacin derivatives stimulated type I collagen protein levels as follows: nicotinamide to 206%, and 250% of non-irradiated control; 2,6-dihydroxynicotinamide to 483%, and 339% of non-irradiated control; and 2,4,5,6-tetrahydroxynicotinamide to 251%, and 242% of non-irradiated control (p < 0.05) (Figure 1a) . The 3-hydroxypicolinamide stimulated type I collagen at 1% to 271% of non-irradiated control (p < 0.05) (Figure 1a ). Relative to the type I collagen promoter activity (750 pg/mL as 100%) in non-irradiated control cells (0% niacin derivative), 0.01%, 0.1%, and 1% of each of the niacin derivatives stimulated type I collagen promoter activity as follows: nicotinamide to 271%, 308%, and 159% of non-irradiated control; 2,6-dihydroxynicotinamide to 216%, 521%, and 248% of non-irradiated control; 2,4,5,6-tetrahydroxynicotinamide to 145%, 201%, and 206% of non-irradiated control; and 3-hydroxypicolinamide to 149%, 259%, and 418% of non-irradiated control (p < 0.05) (Figure 1b) . Relative to the expression of type III collagen protein (0.3 μg/mL as 100%) in non-irradiated control cells (0% niacin derivative), 1% of each of the niacin derivatives stimulated type III collagen levels as follows: nicotinamide to 166% of non-irradiated control; 2,6-dihydroxynicotinamide to 638% of non-irradiated control; 2,4,5,6-tetrahydroxynicotinamide to 218% of non-irradiated control, 3-hydroxylpicolinamide to 277% of non-irradiated control (p < 0.05) (Figure 1c ). In addition, 0.1% 2,6-dihydroxynicotinamide stimulated type III collagen levels to 510% of control (p < 0.05) (Figure 1c) . Relative to the expression of type V collagen protein (0.15 μg/mL as 100%) in non-irradiated control cells (0% niacin derivative), 1% of each of the niacin derivatives stimulated type V collagen levels as follows: nicotinamide to 167% of non-irradiated control; 2,6-dihydroxynicotinamide to 121% of non-irradiated control; 2,4,5,6-tetrahydroxynicotinamide to 136% of non-irradiated control, 3-hydroxylpicolinamide to 251% of non-irradiated control (p < 0.05) (Figure 1d ). In addition, 0.01% and 0.1% 2,6-dihydroxynicotinamide stimulated type V collagen levels to 152%, and 244% (p < 0.05) (Figure 1d ). UVA-radiation inhibited type I collagen protein levels to 60% of non-irradiated control cells (control), type I collagen promoter activity to 50% of control, and type III collagen protein levels to 75% of control; and did not significantly alter the expression of type V collagen.
The niacin derivatives significantly stimulated the expression of type I collagen at 0.1% and 1%, type I collagen promoter activity at 0.01%, 0.1% and 1%, and types III and V collagen at 1% in UVA-radiated dermal fibroblasts, in comparison with UVA radiated control (0% niacin derivative) (p < 0.05) (Figure 2 ). In addition, 2,6-dihydroxynicotinamide and 3-hydroxypicolinamide significantly stimulated expression of types III and V collagen at 0.1% (p < 0.05) (Figure 2c,d ). The niacin derivatives had similar activities, except for the significantly greater stimulation of types I and III collagen by 2,6-dihydroxynicotinamide. levels as follows: nicotinamide to 289%, and 658% of UVA-radiated control; 2,6-dihydroxynicotinamide to 595%, and 521% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide to 243%, and 287% of UVA-radiated control; and 3-hydroxypicolinamide to 210%, and 210% of UVA-radiated control (p < 0.05) (Figure 2a ). Relative to the activity of type I collagen promoter (375 pg/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 0.01%, 0.1%, and 1% of each of the niacin derivatives stimulated type I collagen promoter activity as follows: nicotinamide to 244%, 226%, and 207% of UVA-radiated control; 2,6-dihydroxynicotinamide to 191%, 584%, and 306% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide stimulated type I collagen promoter levels to 130%, 190%, and 250%; and 3-hydroxypicolinamide to 348%, 564%, and 550% of UVA-radiated control (p < 0.05) (Figure 2b ). Relative to the expression of type III collagen protein (0.225 μg/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 1% of each of the niacin derivatives stimulated type III collagen levels as follows: nicotinamide to 378% of UVA-radiated control; 2,6-dihydroxynicotinamide to 625% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide to 160% of UVA-radiated control, and 3-hydroxylpicolinamide to 316% of control of UVA-radiated control (p < 0.05) (Figure 2c ). In addition, 2,6-dihydroxynicotinamide and 3-hydroxypicolinamide at 0.1% stimulated type III collagen levels to 459%, and 281% of UVA-radiated control (p < 0.05) (Figure 2c ). Relative to the expression of type V collagen protein (0.15 μg/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 1% of each of the niacin derivatives stimulated type V collagen levels as follows: nicotinamide to 269% of UVA-radiated control; 2,6-dihydroxynicotinamide to 165% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide to 142% of UVA-radiated control, and 3-hydroxylpicolinamide to 310% of control of UVA-radiated control (p < 0.05) (Figure 2d ). In addition, 2,6-dihydroxynicotinamide and 3-hydroxypicolinamide at 0.1% stimulated type V collagen levels to 477%, and 362% of UVA-radiated control (p < 0.05) (Figure 2d ). The expression of HSPs was significantly stimulated by the niacin derivatives in the non-irradiated fibroblasts, in comparison with control, as follows: HSP-27 by 2,6-dihydroxynicotinamide and 3-hydroxypicolinamide 0.01%, 0.1% and 1%; HSP-47 by 2,4,5,6-tetra hydroxynicotinamide and 3-hydroxypicolinamide at 1%; HSP-70 by each of the niacin derivatives at 1%, and HSP-90 by each of the niacin derivatives at 1% and in addition by nicotinamide and 2,6-dihydroxynicotinamide at 0.1% (p < 0.05) (Figure 3) . The 2,6-dihydroxynicotinamide exhibited greater stimulatory effect, than the other niacin derivatives, on the expression of HSP-27, and the 2,6-dihydroxynicotinamide and nicotinamide exhibited greater stimulatory effect on HSP-90.
Stimulation of Heat
Relative to the expression of HSP-27 (0.7 ng/mL as 100%) in non-irradiated control cells (0% niacin derivative), 0.01%, 0.1%, and 1% of each of the niacin derivatives stimulated HSP-27 as follows: 2,6-dihydroxynicotinamide to 254%, 508%, and 501% of non-irradiated control; and 3-hydroxypicolinamide to 192%, 239%, and 281% of non-irradiated control (p < 0.05) (Figure 3a) . Relative to the expression of HSP-47 (5 ng/mL as 100%) in non-irradiated control cells (0% niacin derivative), 1% of each of the niacin derivatives stimulated HSP-47 as follows: 2,4,5,6-tetrahydroxynicotinamide to 379% of non-irradiated control; and 3-hydroxypicolinamide to 252% of non-irradiated control (p < 0.05) (Figure 3b ). Relative to the expression of HSP-70 (30 ng/mL as 100%) in non-irradiated control cells (0 niacin derivative), 1% of each of the niacin derivatives stimulated HSP-70 levels as follows: nicotinamide to 405% of non-irradiated control; 2,6-dihydroxynicotinamide to 297% of non-irradiated control; 2,4,5,6-tetrahydroxynicotinamide to 180% of non-irradiated control, 3-hydroxylpicolinamide to 251% of non-irradiated control (p < 0.05) (Figure 3c ). Relative to the expression of HSP-90 (4 ng/mL as 100%) in non-irradiated control cells (0 niacin derivative), 1% of each of the niacin derivatives stimulated HSP-90 levels as follows: nicotinamide to 418% of non-irradiated control; 2,6-dihydroxynicotinamide to 630% of non-irradiated control; 2,4,5,6-tetrahydroxynicotinamide to 243% of non-irradiated control, 3-hydroxylpicolinamide to 277% of non-irradiated control (p < 0.05) (Figure 3d ). In addition, 0.01% and 1% 2,6-dihydroxynicotinamide stimulated HSP-90 to 204%; and 630% of control (p < 0.05) (Figure 3d ). 
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Stimulation of Heat Shock Protein-27, Heat Shock Protein-47, Heat Shock Protein-70, and Heat Shock Protein-90 by Nicotinamide, 2,6-Dihydroxynicotinamide, 2,4,5,6-Tetrahydroxynicotinamide, and 3-Hydroxypicolinamide Nicotinamide in UVA Radiated Fibroblasts
UVA-radiation did not significantly alter the expression of HSPs, except for the inhibition of HSP-47 to 56% of non-irradiated control cells (control).
The niacin derivatives significantly stimulated the expression of HSP-27 and HSP-47 at 1% (except for HSP-27 by 2,4,5,6-tetrahydroxynicotinamide), HSP-70 and HSP-90 at 0.01 and 1% (except for HSP-90 by 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxylpicolinamide) in UVA-radiated dermal fibroblasts, in comparison with UVA radiated control (0% niacin derivative) (p < 0.05) (Figure 4 ). In addition, nicotinamide significantly stimulated HSP-27 at 0.01 and 1%, and HSP-47 at 0.1% in the UVA-radiated dermal fibroblasts (p < 0.05) (Figure 4a,b) . Relative to the expression of HSP-27 (0.6 ng/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 1% of each niacin derivatives stimulated HSP-27 as follows: nicotinamide to 180% of UVA-radiated control, 2,6-dihydroxynicotinamide to 388% of UVA-radiated control; and 3-hydroxylpicolinamide to 154% of UVA-radiated control (p < 0.05) (Figure 4a ). In addition, 0.01% and 0.1% nicotinamide stimulated HSP-27 to 175%; and 207% of control (p < 0.05) (Figure 4a ). Relative to the expression of HSP-47 (2.8 ng/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 1% of each niacin derivatives stimulated HSP-47 as follows: nicotinamide to 201% of UVA-radiated control, 2,6-dihydroxynicotinamide to 290% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide to 250% of UVA-radiated control, and picolinamide to 372% of UVA-radiated control (p < 0.05) (Figure 4b ). In addition, 0.1% nicotinamide stimulated HSP-47 to 575% of control (p < 0.05) (Figure 4b ). Relative to the expression of heat shock protein-70 (27 ng/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 0.1% and 1% of each niacin derivatives stimulated HSP-70 as follows: nicotinamide to 279%, and 339% of UVA-radiated control; 2,6-dihydroxynicotinamide to 180%, and 236% of UVA-radiated control; 2,4,5,6-tetrahydroxynicotinamide to 182%, and 353% of UVA-radiated control; 3-hydroxylpicolinamide to 186%, and 224% of UVA-radiated control (p < 0.05) (Figure 4c ). Relative to the expression of HSP-90 (4.5 ng/mL as 100%) in UVA-radiated control cells (0% niacin derivative), 0.1% and 1% nicotinamide and 2,6-dihydroxynicotinamide stimulated HSP-90 as follows: nicotinamide to 231%, and 330% of UVA-radiated control; and 2,6-dihydroxynicotinamide to 630%, and 796% of UVA-radiated control (p < 0.05) (Figure 4d ).
Direct Inhibition of ABTS Oxidation by Nicotinamide and Its Derivatives
In comparison with control (100%, 0% niacin derivative), 0.01%, 0.1%, and 1% of 2,6-dihydroxynicotinamide significantly inhibited 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) oxidation to 20% of control, and 1% of 2,4,5,6-tetrahydroxynicotinamide significantly inhibited ABTS oxidation to 62% of control (p < 0.05) ( Figure 5 ). 3-hydroxylpicolinamide did not significantly alter ABTS oxidation ( Figure 5 ). Niacin derivative (%)
Discussion
The skin is exposed to aging agents, especially UV radiation, and its antioxidant defense as well as NAD content is reduced with aging [1] [2] [3] [4] [5] [6] [7] [8] 28] . Nicotinamide has antioxidant and anti-cellular stress properties. It has anti skin aging and wrinkle reducing ability, independently or in combination with retinoids [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . The complexes of 3-hydroxypicolinamide have been examined for their photophysical properties [30] [31] [32] . The structure of nicotinamide and 3-hydroxypicolimanide may contribute to their physical activity, and polyphenols with their hydroxyl groups are known for their antioxidant and anti-skin aging properties [1] [2] [3] [4] [5] [6] [7] [8] [14] [15] [16] [30] [31] [32] [33] . Intrinsic as well as photoaging is associated with loss of structural collagen, and molecular chaperones [1] [2] [3] [4] [5] [6] [7] [8] 34] . UVA radiations has been called the "aging ray" and since it penetrate the dermis it has propensity for carcinogenesis, damage to biomolecules, generation of ROS/oxidative stress, immunosuppression, and inflammation [35] [36] [37] [38] [39] [40] . The hypothesis of this research was that nicotimande and its derivatives, 2,6-dihydroxynicotinamide, 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxypicolinamide ( Figure 6 ), would beneficially regulate structural fibrillar collagen and heat shock proteins in non-irradiated, and UVA radiated dermal fibroblasts, and exhibit direct antioxidant activity. UV radiation inhibited the expression of types I and III in dermal fibroblasts. The niacin derivatives had similar effects on the expression of fibrillar collagen in non-irradiated and UVA radiated fibroblasts. With few exception, all of the niacin derivatives significantly stimulated the expression of type I collagen at 0.1% and 1%, type I collagen promoter activity at 0.01%, 0.1% and 1%, and types III and V collagen at 1% in non-irradiated, and UVA-radiated dermal fibroblasts, suggesting predominant effects of these niacin derivatives. The 2,6-dihydroxynicotinamide exhibited greater stimulatory effect of type I and III collagen in non-irradiated and UVA radiated fibroblasts, than the other niacin derivatives. The 2,6-dihydroxynicotinamide exhibited greater direct antioxidant activity than the other niacin derivatives, including nicotinamide [6] , suggesting that its greater collagen stimulatory effect is from its greater antioxidant activity.
UV radiation inhibited the expression of HSP-47 in dermal fibroblasts. The niacin derivatives had varied effects on the expression of the different HSPs in non-irradiated and UVA radiated fibroblasts. The HSP-27 was stimulated by 2,6-dihydroxynicotinamide and 3-hydroxypicolinamide at 0.01%, 0.1% and 1% in non-irradiated cells, but only at 1% in the UVA-irradiated cells. While nicotinamide did not alter HSP-27 in non-irradiated fibroblasts, it stimulated HSP-27 at 0.01%, 0.1% and 1% in UVA-irradiated fibroblasts. The HSP-47 was stimulated by 1% 2,4,5,6-tetra hydroxynicotinamide and 3-hydroxypicolinamide in non-irradiated fibroblasts, and by 1% of all the niacin derivatives in UVA radiated fibroblasts. The HSP-70 was stimulated by all the niacin derivatives at 1% in non-irradiated fibroblasts, but also at 0.01% in UVA radiated fibroblasts. Nicotinamide and 2,6-dihydroxynicotinamide were stimulatory to the expression of HSP-90 in non-irradiated and UVA radiated fibroblasts, however the effect of nicotinamide was less stimulatory in the UV radiated cells. It is inferred that the effects of the niacin derivatives on the expression of HSPs do not predominant in the UVA exposed fibroblasts.
Niacin/nicotinamide serves as precursor for several cellular coenzymes, essential to metabolism, and functions in cellular housekeeping by counteracting oxidative stress and inflammation [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . It has diverse mechanisms for its activities. We report for the first time that nicotinamide as well as its derivatives, 2,6-dihydroxynicotinamide, 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxypicolinamide, have anti-skin aging potential through the stimulation of expression of type I, III and V collagen, and HSP-27, 47, 70 and 90 in non-irradiated, and UVA radiated fibroblasts.
Materials and Methods
Cell Culture and Dosing
Human adult dermal fibroblasts from two donors (Cascade Biologics), respectively, were cultured in complete Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum, 1% penicillin/streptomycin (P/S) and 1% L-glutamine (Sigma, St. Louis, MO, USA), seeded for 24 h, rinsed with sterile Hanks balanced salt solution (Sigma), and dosed with or without UVA-radiation (2.5 J/cm 2 ), as previously described, followed with or without niacin derivatives (0.01%, 0.1%, 1% of respective 50 mg/mL stock solutions) in experimental media (DMEM containing 1X serum replacement and 1% P/S) for 24 h [2] [3] [4] . The UV radiation was via a four tubes UVA lamp with irradiance of 1 × 10 −3 W/cm 2 for sum of wavelengths 320-400 nm. Four independent experiments, in replicates of 3-4, were performed with dermal fibroblasts at passages 4-12. The media were examined for types I, III, and V proteins, and the cells for HSP-27, 47, 70 and 90 proteins. The cells were co-transfected with type I collagen promoter-reporter and control plasmids prior to dosing to determine the regulation of promoter activity. The cells were examined for cell viability (CellTiter 96 ® Aqueous One or MTS assay (tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) + electron coupling reagent (phenazine ethosulfate; PES)) (Promega, Madison, WI, USA)). The cell viability was not altered at these concentrations of UVA radiation or niacin derivatives.
Collagen (Types I, III, V), and HSP (27, 47. 70, 90) Protein Levels
One hundred μL aliquots of media or cells from each sample, and respective standards were added to independent wells of 96 well plates for 24 h at 4 °C. The wells were blocked with bovine serum albumin, and then incubated with respective antibodies (Millipore-type I collagen: CC050, AB745, AB758B; type III collagen: CC054, AB747; type V collagen: CC077, AB763P; Enzo Life sciences-HSP-27: ADI-EKS-500; HSP-47: ADI-SPA-470; HSP-70: ADI-EKS-700B; HSP-90: ADI-EKS-895) for 1 h at room temperature (protein detector ELISA kit, 55-81-10, KPL Lab. Inc., Gaithersburg, MD, USA). The plates were washed with wash buffer, incubated with respective secondary antibodies linked to peroxidase for 1 h at room temperature, washed, and subsequently incubated with peroxidase substrate until color development, which was measured spectrophotometrically at 405 nm.
Type I Collagen Promoter Activity
Fibroblasts were co-transfected with COL1α1 promoter-firefly luciferase plasmid (pGL4 vector) (gift from Dr. Joel Rosenbloom, School of Dental Medicine, University of Pennsylvania, Philadelphia, PA, USA) and thymidine kinase (TK) promoter-hRenilla luciferase plasmid (Promega) (for normalization of transfection efficiency) using Escort (Sigma) for 24 h, prior to dosing with or without UVA-radiation +/− niacin derivatives for 24 h. The cells were measured for luminescence from firefly, and renilla luciferase activities with specific substrates and quantitated using recombinant luciferase as standard (Promega).
Antioxidant Activity
The direct antioxidant activity of nicotinamide derivatives was determined by incubating them with ABTS ® (2,2'-azino-di-(3-ethylbenzthiazoline sulphonate)) and metmyoglobin, and determining the inhibition of the oxidation of ABTS ® to ABTS ® radical by metmyoglobin by the nicotinamide derivatives, spectrophotometrically at 405 nm (Cayman Chemical Antioxidant Assay kit, Ann Arbor, MI, USA).
Data Analysis
The significant effects of UVA or niacin derivatives were analyzed relative to respective controls (without niacin derivatives) by ANOVA and student t-tests at 95% confidence interval. The effects of UVA radiation on dermal fibroblasts were statistically analyzed relative to non-irradiated control cells. The significant effects of the niacin derivatives on non-irradiated cells were analyzed relative to non-irradiated control cells (0% niacin derivative). The significant effects of each of the niacin derivatives on UVA-radiated fibroblasts were analyzed relative to UVA radiated control cells (0% niacin derivative).
Conclusion
Ultraviolet (UV) radiation, more so UVA, damages the dermal collagen fibers and regulatory heat shock proteins. The effects of UVA radiation are primarily through the induction of oxidative stress and inflammation. Phenolic compounds exhibit antioxidant and anti-inflammatory properties, which are dependent on the number and location of hydroxyl groups. This research examined the potential of niacin derivatives, nicotinamide, 2,6-dihydroxynicotinamide, 2,4,5,6-tetrahydroxynicotinamide, and 3-hydroxypicolinamide, to beneficially regulate types I, III and V collagen, and heat shock proteins 27, 47, 70 and 90 in non-irradiated or UVA-radiated dermal fibroblasts; as well as exhibit direct antioxidant activity. The niacin derivatives, more so 2,6-dihydroxynicotinamide, stimulated collagen fibers and differentially up-regulated heat shock proteins in non-irradiated, and UVA radiated fibroblasts, and exhibited direct antioxidant activity. It is inferred that the niacin derivatives have photoprotective and anti-skin aging potential in cosmetics.
